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Introduction

38
Understanding the first two weeks of cattle embryonic development is of scientific as well as 39 commercial relevance as during this period the greatest rate of conceptus loss is seen (Ayalon, 1978;  40 Diskin et al., 2011; Sartori et al., 2010) . The problem is equally apparent in embryo transfer 41 experiments. Growing embryos in culture to the blastocyst stage and then transferring into 42 recipients revealed losses of 24 % in the second week of development (Berg et al., 2010) .
43
Such losses may not be surprising considering the critical developmental events that occur during 44 this week (Pfeffer, 2014; van Leeuwen et al., 2015) : At the end of the first week, the successful 45 embryo has undergone the first lineage specification event resulting in two distinct lineages, namely 46 the inner cell mass (ICM) and the outer trophectoderm. The trophectoderm becomes committed to 47 the trophoblast fate during the second week (Berg et al., 2011) , then gradually starts to form a 48 subpopulation (20%) of interspersed terminally differentiated binucleate cells (Wooding, 1992) .
49
Towards the end of the second week, the trophoblast overlying the epiblast (termed Rauber's layer 50 or polar trophoblast) has disappeared, exposing the outer surface of the ICM/epiblast to the 51 maternal environment (van Leeuwen et al., 2015) . The inner cell mass forms two layers by 52 embryonic day nine (Day 0 corresponds to fertilisation), namely the epiblast and underlying 53 hypoblast (Maddox-Hyttel et al., 2003) . The hypoblast (also termed primitive endoderm) migrates to 54 line the entire blastocyst cavity thus underlying both the epiblast and the trophoblast. The hypoblast 55 under the epiblast is now, at Stage 2, (see van Leeuwen et al., 2015 , for staging used here) termed 4 crescent of the rabbit by virtue of expressing NODAL signalling inhibitors (van Leeuwen et al., 2015) .
63
The mouse AVE has been shown to direct gastrulation (which requires NODAL) to the opposite end 64 of the epiblast (Lu et al., 2001) .
65
After the overlying trophoblast has disappeared, the epiblast -during Stage 4 -transitions into a one 66 to two-cell layered epithelium, known as the embryonic ectoderm (EmE). By Stage 5, cells 67 accumulate at the posterior margin of the EmE and then will translocate in a medial anterior 68 direction, forming a groove (the primitive streak) with the funnel-shaped node at its anterior end.
69
Some cells at the posterior margin and along the primitive streak and node will undergo an 70 epithelial-mesenchymal transition and migrate out of the plane of the EmE. Endoderm cells will 71 integrate into the underlying visceral hypoblast layer, displacing these cells in an anterior direction.
72
Mesoderm cells will populate the space between the EmE and hypoblast/endoderm. Mesoderm cells 
78
While we have recently described the morphology of, and expression of select genes in, the various 79 tissues seen at these embryonic stages (van Leeuwen et al., 2015) , little is known about the global 80 transcriptome at the tissue level. Whole embryo gene expression profiling has been reported (Mamo 81 et al., 2011) , however such studies would predominantly capture the trophoblast tissue as the 6 Additionally a whole embryonic disc from a Day 14 embryo was analysed. At that 113 developmental stage we were unable to cleanly separate the embryonic ectoderm and 114 underlying visceral hypoblast. Physical characteristics of these two embryos are shown in 115 Table 1 . 116
117
RNA sequencing 118
RNA was isolated using Trizol, followed by DNAaseI digestion and ethanol precipitation as previously 119 described (Smith et al., 2007) . RNA was amplified by isothermal strand displacement using the
120
Ovation RNA-seq V2 system (NuGEN; Millennium Science, Wellington, NZ), which enriches for poly-
121
A-containing mRNA. Yields of amplified cDNA were between 6.6 and 11 μg. Amplified DNA was sent
122
to Macrogen (Seoul, Korea) (Mortazavi et al., 2008) . Samples exhibiting an FPKM for 139 a gene of less than one were set to equal 1 ("cut-off'). Genes for which FPKM = 1 for all five samples 140 were ignored. All analyses were done on log (base two) transformed values. For differential 141 expression analyses, expression levels were classified into ten log base 2 'bins' (0 to 11), with bin 'x' 142 containing values where x ≤ log 2 (FPKM) < (x+1) for x = 1 to 10. For bin 11 (x = 11), x was ≤ log 2
143
(FPKM), with no upper limit, so as to capture all highly expressed genes. Binary patterns were 144 derived following the concept of Yanai et al (Yanai et al., 2005) . For this, a 'gap' index was assigned 
146
('gap') between neighbouring values. For profiles with a gap of at least 3 (corresponding to a greater 147 than four-fold difference in expression), expression above the gap was classified as over-expressed 148 (= 1), below as under-expressed (0) (Yanai et al., 2005) . Where two gaps were found for one gene, 149 the lower bin value was used. Where no gap was found, expression was set to 1 (expressed) for all 
153
and TB (= T) is not expressed. The binary codes were used to exclude 'common' genes expressed in 154 all (code 11111) or all-but-one samples (01111, 10111, 11011, 11101, 11110) , and for generating 155 (using Excel) the data in the Venn diagram (Fig. 1E) 
Results
167
Sample characteristics and gene expression 168
Four tissue types were analysed from an embryo, which was generated by in vitro embryo 169 production, then transferred as an expanded blastocyst into a synchronised recipient cow and 170 retrieved 14 days after fertilisation. Using embryo size and epiblast size (Table 1 ; Fig. 1 ), the embryo 171 was classified as Stage 5, early gastrulation (van Leeuwen et al., 2015) . The four tissues included
the upper layer of the embryonic disc, which is composed of the embryonic ectoderm (EmE),
173
wherein the primitive streak and node form;
174
(ii) the cells underlying the embryonic ectoderm composed of a mixture of visceral hypoblast 175 cells, endoderm and mesoderm (MEH);
176
(iii) parietal hypoblast (PH) and
177
(iv) trophoblast (TB).
178
PH and TB were taken well away from the embryonic disc to remove the possibility of contamination 179 with extraembryonic mesoderm, which at this stage migrates out from the edges of the embryonic 180 disc in-between the TB and PH and was evident under the dissecting microscope (Fig. 1B, C) . The 181 position of these tissues are indicated (Fig. 1D, E 
201
(14% of TB genes) uniquely expressed. The other tissues only contain 1 to 4% unique genes.
202
We further compared the relatedness of the five tissues using principal component analysis without
203
scoring for differential expression (Fig. 2) 
207
Comparison of bovine to mouse embryonic gene expression profiles 208
We next asked how similar the tissues that we isolated were to mouse embryonic tissues. Lists of 209 genes expressed in particular embryonic tissues and cells were compiled based on published whole (Table 3) . Only genes represented in four or less of the 12 mouse tissues were used. These
212
lists were compared to our bovine tissue lists compiled by excluding common genes (expressed in 213 more than three of the five samples) and including, for each tissue, only the genes scored as (over)-
214
expressed according to our algorithm. As whole mount in situ hybridisation is not as sensitive as
215
RNAseq, a higher cutoff of FPKM = 2 was used. The significance of the overlaps between the bovine 216 and mouse lists are shown in Figure 3 (expressed genes are shown in Fig. S2 
232
The five cattle tissues were also compared to lineage specific cattle embryo datasets. Two published 
238
Pathway analyses 239
We next analysed the differentially expressed genes using Ingenuity pathway analysis ( 
249
Signalling pathways were analysed in terms of receptor and ligand transcription, using all expressed 250 genes and a curated list ( 
327
OSN triumvirate (Magnúsdóttir et al., 2013; Yamaji et al., 2008; Youngren et al., 2005) , are all 328 expressed at both stages. We conclude that in cattle, PGCs originate around Stage 4 and are found in 
336
This makes sense in that, in cattle, no trophoblast tissue overlies the EmE at these stages, due to the 337 different morphology of the cattle and mouse early gastrula. A second difference lies in the specific
338
WNT ligand expressed: mice require WNT3 for gastrulation (Liu et al., 1999) , but in cattle WNT5B is 
370
In comparison to the EmE, the MEH layer exhibited a distinctly different signalling transcriptome: (i)
371
TGFβ signalling was shifted from a NODAL-like to a BMP-like dominant program. This is likely related 372 to the formation of the extraembryonic mesoderm as BMPs have been shown to be essential for the 373 development of this tissue (Zhang and Bradley, 1996) 
391
Parietal hypoblast 392
The cattle parietal hypoblast underlying the trophoblast is destined, together with a lining of 
399
The PH transcribes few growth factors and a more limited range of receptors than the previously 400 discussed tissues. In particular NODAL-like and WNT signals are not transcribed and receptors for 401 FGF, VEGF, HEDGEHOG, WNT and ANGEIOPOIETIN signalling are absent or transcribed at low levels.
402
However, PDGF receptor A is expressed at very high levels and the overlying TB produces the ligand 403 at very high levels. Indeed in mouse embryos roles for PDGFRA in the expansion of the hypoblast 404 and formation of the yolk sac has been shown (Artus et al., 2010; Ogura et al., 1998) . This is likely 405 conserved in cattle with the likely source being trophoblastic.
406
The high expression of ANGIOPOIETIN-LIKE-1, but not its receptor, may relate to the paracrine 407 induction of blood vessels in the extraembryonic mesoderm which will line this layer at later stages. 
429
In spite of these differences, two key trophoblast aspects appear to have been at least partly (Phillips et al., 2016) . As more studies of all tissues of individual embryo transcriptomes are analysed 451 a full and detailed transcriptional atlas will be able to be mapped out, paving the way for assembling 452 the gene regulatory networks that need to be understood so as to alleviate early embryo mortality. 
514
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679
Figure legends 
696
FPKM cut-off of 2 but excluding those common to at least four of the five tissues, were compared to 697 curated sets of mouse tissue-specific genes (Table 3) , listing the -log(P-value) of the dataset overlaps.
698
Shading indicates the significance levels visually: black, P < 0.001; dark grey, P < 0.01; light grey, P < embryo, colour coded) with nomenclature as previously defined (van Leeuwen et al., 2015) . E. Venn diagrams of differentially expressed genes with insets showing origin of tissues. Arrows indicate that EmE and MEH are descendant tissues of Stage 4 embryonic disc. AVH, anterior visceral hypoblast; Disc, embryonic disc; E, endoderm; EmE, embryonic ectoderm; ExM, extraembryonic mesoderm; PH, parietal hypoblast; PS, primitive streak region; TB, trophoblast; VH, visceral hypoblast. ED, embryonic disc; EmE, embryonic ectoderm; MEH, mesoderm, endoderm, visceral hypopblast; PH, parietal hypoblast; TB, trophoblast. For each tissue all genes differentially expressed above a FPKM cut-off of 2 but excluding those common to at least four of the five tissues, were compared to curated sets of mouse tissue-specific genes (Table 3) , listing the -log(P-value) of the dataset overlaps. Shading indicates the significance levels visually: black, P < 0.001; dark grey, P < 0.01; light grey, P < 0.05 (e.g.
1.3 = -log(0.05)). AVE, anterior visceral primitive endoderm; EPC, ectoplacental cone (mouse); Em, embryonic; Ex, extraembryonic; ExE, extraembryonic ectoderm; PGC, primordial germ cells; PH, parietal endoderm/hypoblast; VH, visceral endoderm/hypoblast. . Canonical pathway analysis, Ingenuity pathway analysis, excluding genes co-expressed in more than four tissues, displaying the -log(P-value) of the highest scoring pathways for each tissue. Shading indicates the significance levels visually: black, P < 0.001; dark grey, P < 0.01; light grey. Figure S3 : Secreted signalling ligands/inhibitors aligned vertically with the receptor(s), and co-receptors.
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